A major goal for HIV-1 vaccine development is an ability to elicit strong and durable broadly neutralizing antibody (bNAb) responses. The trimeric envelope glycoprotein (Env) spikes on HIV-1 are known to contain multiple epitopes that are susceptible to bNAbs isolated from infected individuals. Nonetheless, all trimeric and monomeric Env immunogens designed to date have failed to elicit such antibodies. We report the structure-guided design of HIV-1 cyclically permuted gp120 that forms homogeneous, stable trimers, and displays enhanced binding to multiple bNAbs, including VRC01, VRC03, VRC-PG04, PGT128, and the quaternary epitope-specific bNAbs PGT145 and PGDM1400. Constructs that were cyclically permuted in the V1 loop region and contained an N-terminal trimerization domain to stabilize V1V2-mediated quaternary interactions, showed the highest homogeneity and the best antigenic characteristics. In guinea pigs, a DNA prime-protein boost regimen with these new gp120 trimer immunogens elicited potent neutralizing antibody responses against highly sensitive Tier 1A isolates and weaker neutralizing antibody responses with an average titer of about 115 against a panel of heterologous Tier 2 isolates. A modest fraction of the Tier 2 virus neutralizing activity appeared to target the CD4 binding site on gp120. These results suggest that cyclically permuted HIV-1 gp120 trimers represent a viable platform in which further modifications may be made to eventually achieve protective bNAb responses.
The HIV-1 Env displayed on the virion surface mediates entry of the virion into target CD4 ϩ T cells to establish infection. Due to its surface accessibility, Env is the predominant target for neutralizing antibody responses (1, 2) . Env is synthesized as a gp160 precursor protein, which is further cleaved into surface proximal gp120 and membrane anchored gp41 subunits. A functional HIV-1 Env spike consists of a trimer of gp120 and gp41 heterodimers. The base of the trimer is proximal to the viral membrane (3) and is held together by trimerization motifs within the N-heptad repeat of gp41 (4 -6) . The trimer apex is stabilized by interactions between the V1V2 loops of adjacent gp120 monomers (3) . Binding of Env to the CD4 receptor on T cells causes extensive conformational changes in the Env trimer and leads to the formation of an open CD4-bound conformation in which the cryptic, co-receptor binding site becomes accessible. This facilitates interaction of the co-receptor (CCR5 or CXCR4) with Env, further driving the fusion of viral and host cell membranes (3, 7) .
In natural HIV-1 infection, most of the B cell response is elicited against the Env protein, due to its location on the virion surface and relatively high immunogenicity. The antibody response induced during natural HIV-1 infection is predominantly non-neutralizing and strain specific, due to the shed gp120 (immunodominant decoys) and various other immune evasive mechanisms (8) . However, ϳ20% of HIV-1-infected patients develop bNAbs during the course of 1-3 years of infection (9) . For the past few years, with the help of advanced technologies for isolating antibody genes from single memory B cells, a large number of neutralizing antibodies (NAbs) 4 have been isolated from HIV patients that define potential conserved, neutralizing epitopes on HIV-1 Env (10). The bNAbs described to date target the CD4 binding site (CD4bs) on the gp120 subunit (NAbs b12, VRC01-03, NIH45-46, 3BNC117), quaternary epitopes in the V1V2 region on the gp120 trimer (PG9, PG16, PGT141-145, PGDM1400, and CAP256-VRC26. 25), glycan-dependent epitopes in the V3 loop (PGT series of NAbs), the membrane proximal external region of the gp41 subunit (NAbs 2F5, 4E10, and 10E8), and a cleavage-dependent epitope at the gp41-gp120 interface of the Env trimer (PGT151 and PGT152) (11) (12) (13) (14) . The neutralizing epitopes on gp41 are less accessible to bNAbs in the context of native HIV-1 Env (15, 16) . Thus, designing immunogens that efficiently display the more accessible neutralizing epitopes present on gp120 in its native trimeric conformation may elicit bNAb responses.
A recent RV144 clinical trial based on the ALVAC vector and clade B/E gp120 regimen showed ϳ31.2% efficacy, appreciably higher than other vaccines tested in earlier clinical trials (17) . The vaccine efficacy in the RV144 trial was ϳ59.9% within the first year but the efficacy diminished drastically over the course of the study indicating low antibody persistence or weak memory B cell responses (17, 18) . The antibodies elicited in the RV144 clinical trial did not have broad neutralizing activity suggesting that some other immunological mechanisms conferred protection (19) . The results of this clinical study (17, 20) were consistent with earlier evidence (21) indicating that monomeric gp120 does not trigger broadly neutralizing responses. Recent evidence suggests that functional antibodies to Env are necessary and sufficient to significantly reduce the probability of infection by SIV in non-human primates. Although the nonhuman primate sera against Env exhibited mild in vitro neutralization, they showed enhanced antibody effector functions in non-human primates (22, 23) .
Various approaches have been employed to design Env immunogens to mimic the native, pre-fusion trimeric conformation. These include the design of cleavage-deficient gp140, cleavage-competent gp140 stabilized by a disulfide linkage between gp120 and gp41 (SOSIP-gp140), and trimeric gp140 and trimeric gp120 immunogens where a heterologous trimerization domain has been fused at the C terminus (24 -30) . Although these immunogens are trimeric and some of the sera displayed robust Tier 1 and strong autologous Tier 2 neutralization titers, in most cases the resulting antisera show only a marginal improvement in the breadth of neutralization response relative to those elicited by monomeric gp120 (31) (32) (33) .
In a prior study (34) we showed that sera capable of neutralizing multiple Tier 2 isolates could be elicited by priming with a fragment containing a part of the epitope for the bNAb b12 and boosting with full-length gp120. However, this study employed a year long immunization schedule. In the present study, we explore an alternative approach with a shorter, 20-week schedule, immunizing with trimeric, cyclically permuted gp120 derivatives.
In the native Env trimer (3-6, 35) V1V2 loops from gp120 monomers are oriented at the apex of the trimer, forming quaternary epitopes. The V1V2 and V3 loops in the native trimer restrict the angle at which antibodies can approach the CD4bs. However, the loop regions are highly dynamic (35, 36) . To minimize conformational dynamics in these loops, based on available structural information, we inserted a heterologous trimerization domain into the V1 loop region to trimerize the gp120 molecule at the apex instead of at the C terminus of gp120 as had been done previously. We have previously designed cyclically permuted gp120 by making new N and C termini at the V1 loop and by connecting the native N and C termini with an appropriate flexible linker (37) . Here we describe the antigenicity and immunogenicity of a new generation of cyclically permuted gp120s that exhibit improved homogeneity and trimer stability.
Results

Structure Guided HIV-1 Trimeric gp120
Immunogen Design-Several cryo-EM and crystallographic studies indicate that the three monomers of gp120 in pre-fusion, native Env interact though quaternary contacts at the apex of the trimer that are largely mediated by the V1V2 regions of the gp120 subunits (3) (4) (5) (6) 35) . We hypothesized that insertion of a heterologous trimerization sequence in the V1V2 region might help in the formation of native-like gp120 trimers. We anticipated that the long distances between the N and C termini of commonly used coiled-coil trimerization domains would make them unsuitable for insertion into V1V2 loop regions of gp120 protein. To overcome this problem, we designed gp120 derivatives that are cyclically permuted at the V1 loop region of gp120 at sites where mutations and insertions are tolerated (supplemental Fig. S1 ) (37) . To this end, the native N and C termini of the gp120 molecule were connected with a 20-amino acid linker and new N and C termini were created within the V1 loop region at specific positions in the gp120 sequence. When a heterologous, disulfide-linked, coiled-coil trimerization domain from human cartilage matrix protein (hCMP) was inserted at the V1 loop region of cyclically permuted gp120, it facilitated the formation of homogeneous trimers. In the present study we characterized the antigenicity and immunogenicity of cyclically permuted gp120 trimers made from both JRFL and JRCSF gp120 sequences. The flexible C1 region of gp120 (residues 31-83) was removed from all the constructs to restrict conformational flexibility ( Fig. 1A and supplemental Fig. S2 ). We also used JRFL gp120 (residues 83-511) and JRFLgp120-L6-hCMP (JRFL gp120 with a C-terminal hCMP domain connected with a 6-residue linker) for comparison, to assess the biochemical properties, antigenicity, and immunogenicity of cyclically permuted gp120 trimers ( Fig. 1 and supplemental Fig. S2 ).
Purification and Characterization of gp120 Monomer and Cyclically Permuted gp120 Trimers-All constructs were expressed in HEK 293T cells and proteins were purified from cell supernatants by lentil lectin affinity chromatography. Both cyclically permuted gp120 constructs (JRFL-hCMP-V1cyc and JRCSF-hCMP-V1cyc) appeared as homogeneous trimers as determined by blue native-PAGE (BN-PAGE) (Fig. 1B) , analytical gel filtration chromatography (Fig. 1C) , and multiangle light scattering (SEC-MALS) experiments ( Fig. 1D and supplemental Fig. S3 ), whereas JRFL gp120 appeared as mixed oligomers with predominantly monomeric species and JRFLgp120-L6-hCMP appeared as a mixture of oligomers. The JRFLhCMP-V1cyc and JRCSF-hCMP-V1cyc were not dissociated into dimers or monomers after purification and they were stable at 4°C for 40 days without any degradation. In addition, we monitored the stability of all constructs after heating them to 60 and 100°C for 1 h and subsequently monitoring their interaction with bNAbs using surface plasmon resonance (SPR). Heating at 60°C did not affect the binding of cyclically permuted gp120 trimers and JRFLgp120-L6-hCMP to surface-immobilized bNAbs, VRC01, and PGT128 (Fig. 1E) . In contrast, binding of JRFL gp120 to VRC01 and PGT128 was significantly decreased upon heating at 60°C. When all proteins were heated at 100°C, cyclically permuted gp120 trimers retained detectable binding to VRC01 and PGT128 bNAbs, in contrast to JRFL gp120 and JRFLgp120-L6-hCMP, which lost binding (Fig. 1E) . The thermal stability was also monitored by CD spectroscopy. Data were analyzed assuming two-state thermal unfolding and yielded apparent melting temperatures (T m ) of 341.8 (68.7°C) and 337.1 K (64.0°C) for JRFL trimeric cyclic permutant and monomeric gp120, respectively (Fig. 1F) .
To further understand the conformation and trimeric nature of cyclically permuted gp120 trimers we subjected purified protein to negative stain EM. Visual inspection of the negative stained EM images indicates that cyclically permuted gp120 attained trimeric structures, consistent with our SEC-MALS FIGURE 1. Engineered cyclically permuted gp120 immunogens form homogeneous, stable trimers. A, schematic representation of the four different immunogens characterized in this study. Cyclically permuted gp120 trimers (JRFL-hCMP-V1cyc and JRCSF-hCMP-V1cyc) were designed by joining native N and C termini of gp120 with a flexible, soluble 20-residue linker and new N and C termini were created by opening the V1 loop followed by fusion of an hCMP trimerization domain to the new N terminus. A more conventional gp120 trimer (JRFLgp120-L6-hCMP) was made by connecting the hCMP trimerization domain to the C terminus of JRFL gp120 with a 6-residue flexible linker. L6, 6-residue linker; L20, 20-residue linker. All constructs were secreted from HEK 293T cells under control of the CMV promoter with a tpa leader. B, purified proteins were subjected to BN-PAGE followed by Western blotting with rabbit anti-gp120 polyclonal sera to characterize the oligomeric state of the proteins. Cyclically permuted gp120 trimers appeared as trimers, whereas JRFL gp120 and JRFLgp120-L6-hCMP appeared as a mixture of oligomers. C, analytical gel-filtration chromatography of cyclically permuted constructs on a Superdex-200 column in PBS buffer at room temperature. The absorbance at 220 nm is shown as a function of the elution volume. Cyclically permuted gp120 trimers showed a single peak corresponding to a trimer, whereas JRFL gp120 and JRFLgp120-L6-hCMP showed two major peaks corresponding to a dimer and a monomer. D, the mass fractions and corresponding molecular weights of each peak for the proteins analyzed by SEC-MALS. E, the functional stability of all proteins was tested by monitoring binding to bNAbs, VRC01 (CD4bs specific), and PGT128 (V3 loop glycan specific) before and after heating. Proteins were incubated at 60 or 100°C for 1 h and cooled down to room temperature to monitor binding to bNAbs VRC01 (left panel) and PGT128 (right panel) immobilized on the surface of a CM5 chip. Biacore response units were plotted after incubation at different temperatures to compare stabilities. Cyclically permuted gp120 trimers are stable at 60°C showing similar binding before and after heating to VRC01 and PGT128 antibodies. They retained detectable binding to these antibodies even after incubation at 100°C for 1 h. F, temperature-induced equilibrium unfolding transitions of monomeric JRFL gp120 (black open circles, T m ϭ 337.1 K (64.0°C)), and trimeric JRFL-hCMP-V1cycgp120 (red open circles, T m ϭ 341.8 K (68.7°C)). The lines through the symbols represent fits using a two-state model. data ( Fig. 2A and supplemental Fig. S4 ), albeit with some degree of conformational heterogeneity. In addition, we performed negative stain EM on the cyclically permuted gp120 trimers complexed with PGDM1400 (38), a gp120 trimer-specific antibody. We observed a prominent density for the PGDM1400 antibody at the apex of the cyclically permuted trimer and one PGDM1400 antibody molecule bound to one gp120 subunit of the trimer (Fig. 2 , B and C, and supplemental Fig. S4 ).
Cyclically Permuted gp120 Trimers Show High Affinity Binding by bNAbs-The antigenic properties of the cyclically permuted gp120 trimers were assessed by SPR using the CD4bs bNAbs (supplemental Fig. S5 ) VRC01, VRC03, and VRC-PG04 (39), the V3-glycan bNAb PGT128 and the quaternary epitopespecific bNAbs PGT145, PGDM1400, and CAP256-VRC26.25, which bind glycan-dependent epitopes in the V1V2 loop of gp120 (40 -42) . bNAbs were immobilized on the chip surface and protein immunogens were used as analytes. The cyclically permuted gp120 trimers showed high affinity binding to all three CD4bs mAbs often with undetectable dissociation rates, whereas JRFL gp120 and JRFLgp120-L6-hCMP showed measurable dissociation from the same mAbs (Table  1 and supplemental Fig. S5A ). Cyclically permuted gp120 trimers showed no dissociation even after ϳ200 min from VRC01 (supplemental Fig. S5B ). We have previously reported that cyclically permuted gp120 trimers show improved affinity to neutralizing antibody b12 and lower affinity for non-neutralizing CD4bs antibody F105 relative to monomeric gp120 (37) . The F105 binding studies were repeated (Table 1, supplemental Fig. S6A ) with similar results. Binding to another CD4bs non-neutralizing mAb b6 was also characterized. b6 bound tightly to all four constructs with negligible dissociation. However, the overall extent of binding signal appeared to be measurably lower for the hCMP-V1cyc gp120 constructs (supplemental Fig. S6B ).
Cyclically permuted gp120 trimers exhibited measurable binding to PGT145, whereas JRFL gp120 and JRFLgp120-L6-hCMP did not bind to PGT145 (Table 1 and supplemental Fig. S5C ).
Both cyclic permutants showed a K D of ϳ400 nM with biphasic dissociation rates. The trimers also bound preferentially to the trimer-specific antibodies PGDM1400 (Table 1 and supplemental Fig. S5E ) as well as PG9 and PG16 (37) . This data indicates that trimerization of cyclically permuted gp120 at the V1 loop retains native-like quaternary epitopes at the V1V2 region. No binding was seen to the V1V2-specific mAb CAP256-VRC26.25 (42) consistent with its known lack of ability to neutralize JRFL and JRCSF viral strains. Cyclically permuted gp120 trimers showed a 20 -40-fold increase in affinity to PGT128 relative to JRFL gp120 and JRFLgp120-L6-hCMP (Table 1 and supplemental Fig. S5C ). The increase in affinity was driven by both increased association rates to and decreased dissociation rates from PGT128.
Binding of CD4 receptor to Env induces conformational changes in the gp120 subunit, which exposes a cryptic co-receptor binding site and CD4-induced (CD4i) epitopes. In general, CD4i epitopes are thought to be buried in the native Env trimer and become accessible only after CD4 interaction (43) . To examine whether these trimers behave like gp120 in the context of native Env, we studied the interaction of the CD4i epitope-specific antibody, 17b, to cyclically permuted gp120 trimers in the presence and absence of soluble CD4 (sCD4) (supplemental Fig. S7 ). In the absence of sCD4, cyclically permuted gp120 trimers show low but marginally higher binding to the 17b antibody as compared with JRFL gp120. This might be due to local conformational changes at the base of the V1V2 region (which is proximal to CD4i epitopes) caused by insertion of the hCMP trimerization insertion (supplemental Fig. S7 ). Upon addition of sCD4, all the gp120 derivatives expectedly show significantly enhanced binding to 17b.
It is known that the epitope for VRC01 does not overlap with quaternary epitopes in the V1V2 region targeted by bNAbs such as PGT145 (44) . Because our cyclically permuted gp120 trimers are trimeric and retain binding to PGT145, we monitored sequential binding of the designed gp120 derivatives to surface-immobilized VRC01, followed by binding of PGT145 to the resulting complex (supplemental Fig. S8 ). Cyclically permuted gp120 trimers bound well to surface-immobilized VRC01, and the resulting complex retained binding to the PGT145 antibody (supplemental Fig. S8 ). In contrast, interaction of JRFL gp120 or JRFLgp120-L6-hCMP to VRC01 did not allow subsequent binding to PGT145. These results indicate that the cyclically permuted gp120 trimers adopt a native-like trimer conformation.
Immunogenicity of Cyclically Permuted gp120 Trimers in Guinea Pigs-To investigate the immunogenicity of cyclically permuted gp120 trimers relative to JRFLgp120 and JRFLgp120-L6-hCMP, a DNA prime-protein boost guinea pig immunization study was executed. We have previously shown that a similar protocol results in good antigen-specific antibody responses (45) . Guinea pigs (n ϭ 4 per group) were immunized with 2 mg of plasmid DNA encoding the respective immunogen with Adju-Phos adjuvant at weeks 0 and 4 followed by a boost with 45 g of protein in MAA/IMX adjuvant at weeks 10.5 and 18 ( Fig. 3A) . Serum samples were collected 2 weeks after each immunization, and the animals were terminated 16.5 weeks after the last protein boost (Fig. 3A) . The elicitation of gp120-specific antibodies was assessed by ELISA.
Guinea pigs from all four groups generated robust IgG titers to JRFL gp120 (full-length JRFL gp120) after DNA priming and boosting with protein ( Fig. 3B ). Terminal bleed sera (collected at week 34.5) also maintained high end point IgG titers to JRFL gp120, in the range of ϳ10 6 to 10 7 (Fig. 3B ). The antisera titers were increased substantially following a protein boost (p Ͻ 0.05, Mann-Whitney test) in all animals except those immunized with JRFLgp120-L6-hCMP (Fig. 3B) . Overall, there are no statistically significant differences in ELISA titers among the four different groups at any time point and the DNA primeprotein boost regimen elicited robust anti-gp120 IgG titers irrespective of the type of immunogen used.
Neutralization Studies-Next we assessed neutralizing activity against a panel of highly sensitive Tier 1 isolates and a multiclade global panel of Tier 2 isolates (46) in the TZM-bl assay using peak immune serum samples (week 20). All four immunogens generated high neutralizing titers (ID 50 ϭ 25,000 -50,000) to the Tier 1A clade B virus MN.3, and low titers of neutralizing antibodies against the Tier 1A clade C virus, MW965.26 (Fig. 4) . Notably, weak neutralizing activity against multiple Tier 2 viruses from clades B and C was detectable in all four groups but was significantly stronger in the groups immunized with cyclically permuted gp120 with mean ID 50 values of 126 and 103 for groups 2 and 3, respectively (Figs. 4 and 5). We tested additional non-clade B and C Tier 2 viruses (246_F3, CNE_55, Ce703010217, and CNE8) but did not observe detectable neutralization for these (Figs. 4 and 5) . To Kinetic parameters for binding of immunogens to bNAbs VRC01, VRC03, VRCPG-04, PGT128, PGT145, PGDM1400, F105, and b6 by surface plasmon resonance. ϳ1000 RUs of each IgG (ligand) was immobilized on the surface of a CM5 chip at 25°C.
Immunogen
Ligand 
Eliciting Broadly Neutralizing Antibodies against HIV-1
examine the persistence of the neutralization, we measured neutralization titers for sera from individual animals against two Tier 2 viruses (supplemental Fig. S9 ) in the week 34.5 terminal bleed sera. The neutralization titers are 2-3-fold lower than at week 20. To confirm whether the observed neutralization was Env directed, sera were adsorbed onto immobilized gp120 or trimeric cyclic permutant protein essentially as described previously (34, 47) . The data ( Table 2 ) clearly show that the observed neutralization is gp120 directed and could be adsorbed out by incubation with either immobilized gp120 or immobilized trimeric cyclic permutant. Epitope Mapping-We next probed whether the antisera to cyclically permuted gp120 trimers harbor neutralizing specificities similar to known bNAbs targeting the CD4bs, quaternary epitopes in V1V2, and V3 glycan epitopes. These three neutralizing epitopes are highly conserved in the panel of HIV-1 isolates we tested. To map the neutralizing antibody specificities, we mutated important amino acid residues to abolish bNAb binding. We incorporated the N279A mutation into HIV-1 JRFL pseudotyped virus to monitor CD4bs-specific neutralizing specificities, as it was previously reported that mutating this residue diminishes the binding of CD4bs-specific neutralizing antibodies like VRC01 (40, 48) (supplemental Fig. S10) . Results of TZM-bl neutralization assays indicate that introduction of this mutation led to a modest decrease in the neutralizing activity induced by cyclically permuted gp120 trimers, suggesting the presence of a fraction of CD4bs specificities (Fig. 6A) . To further validate these results we tested the binding of sera from all four groups to fragment immunogens of the gp120 outer domain that harbor most of the CD4 binding site of gp120 (34, 49) . Antibodies induced by cyclically permuted gp120 trimers showed substantially higher affinity to these fragment immunogens, indicating the presence of a substantial fraction of CD4bs-specific antibodies (Fig. 6B) . Introducing a D368R mutation in gp120 prevents the binding of CD4 and CD4bs bNAbs to gp120 (50) . Thus, we tested the binding of sera from all four groups to JRFL gp120-D368R. Only sera from cyclically permuted gp120 trimer-immunized animals showed marginally lower binding to JRFL gp120 in the presence of the D368R mutation (supplemental Fig. S11) .
We also individually mutated glycan sites in the V1V2 region (N156K and N160K) that are essential for binding of V1V2 quaternary epitope-specific bNAbs (51), and we mutated a glycan position at the base of the V3 loop region (N332T) essential for binding of V3 glycan-specific bNAbs (40, 41) . These residues were individually replaced with the second most frequent residues occurring at that particular position (based on a multiple sequence alignment) to prevent the loss of infectivity of JRFL pseudoviruses (supplemental Fig. S10 ). Results of TZM-bl neutralization assays indicate that mutating glycans at positions 156 and 160 did not decrease the neutralizing activity of antibodies elicited by cyclically permuted gp120 trimers (supplemental Fig. S12 ). Unexpectedly, removal of glycan at position 156 increased the neutralizing activity of sera from all four groups, perhaps due to unmasking epitopes that remain to be defined (supplemental Fig. S12 ). Mutating the glycosylation site at the V3 loop base (N332T) had no effect on neutralization. These results suggest that sera from cyclically permuted gp120 trimer-immunized animals do not have neutralizing specificities against V2-glycan or V3-glycan quaternary epitopes.
Discussion
Despite considerable effort, there has been limited success in designing immunogens that elicit potent and bNAbs against HIV-1. The best trimeric HIV-1 Env immunogens designed to date elicit potent Tier 1 and autologous Tier 2 neutralizing antibody responses (33, 52) but the antibodies exhibit little activity against heterologous Tier 2 HIV-1 isolates. These trimeric HIV-1 Env immunogens (33, 52) were derived from the ectodomain of the BG505 subtype A isolate, contain an engineered disulfide bond between gp120 and gp41 subunits, and lack the membrane proximal external region of gp41. In the case of other trimeric gp120 and trimeric gp140 immunogens, a heterologous trimerization domain was fused at the C terminus of gp120 or gp140 (8, 24, 29, 31) . Relative to monomeric gp120, these trimeric immunogens showed a marginal improvement in eliciting neutralizing responses, but also failed to neutralize Tier 2 viruses from heterologous strains. During acute infection, it was shown that the initial antibody responses are gp41 directed, non-neutralizing (53) and derived from polyreactive B cells that bind both Env and intestinal microbiota (54) . In a recent study (14) it was shown that vaccination with Env ectodomain (gp140) (HVTN clinical trials) also led to an antibody response dominated by gp41 reactive antibodies that were derived from pre-existing pools of intestinal microbiota cross- reactive B-cells (14) . These results indicate that Env-based vaccines containing gp41 primarily induce non-neutralizing gp41 reactive antibodies (14, 20, 55) . In the present study, we therefore omitted the gp41 subunit from the immunogen.
We further rationally engineered a trimerized gp120 molecule by inserting a heterologous trimerization domain in the V1 loop region to mimic native gp120 trimers in the pre-fusion, native state of HIV-1 Env. Initial attempts to incorporate an hCMP trimerization domain into the V1 loop region of monomeric gp120 were unsuccessful although the resulting constructs were soluble. We circumvented this problem by creating new chain termini within the V1 loop region of gp120 by cyclically permuting the gp120 molecule, followed by fusion of the hCMP domain to the new N terminus in the V1 loop. This resulted in the formation of soluble, homogeneous, stable gp120 trimers. The fraction of monomers and other species was small. Hence, apart from lectin affinity purification, no additional purification steps were required. These trimers display high affinity for bNAbs against CD4bs, V2-glycan, and V3-glycan epitopes on gp120 (Table 1) . Moreover, the cyclically permuted gp120 trimers induced neutralizing activity against multiple isolates in a global panel of heterologous Tier 2 viruses that, although relatively weak, was clearly detectable and significantly stronger than the response induced by monomeric gp120. We attempted to trimerize gp120 that was cyclically permuted in both the V1 loop (142-144) and the V2 loop (185-186) regions where mutations and insertions are tolerated (supplemental Fig. S1 ). Both constructs yielded soluble trimers but the V1 loop cyclically permuted gp120 trimers display superior antigenic properties to the V2 loop trimer. In addition, we attempted to add trimerization domains to cyclically permuted gp120 at both the V1 loop and within the linker connecting the original C termini of gp120 (hCMP domain at V1 loop and foldon domain at C terminus). However, this construct did not yield stable trimers.
In the past few years, multiple cryo-EM and X-ray crystallographic structures have been solved for disulfide-stabilized Env trimers (4 -6, 35). The 142-144 (V1cyc) and 185-186 (V2cyc) positions lie within loops in the V1V2 region (Fig. 7A) . These constructs were designed (37) before crystal structures of the gp140 trimer were solved. Recent structures of the BG505 SOSIP.664 gp140 trimer (4, 5, 35) show that the region from 135 to 153 forms a flexible loop with the apex at residue 140. In the BG505 isolate there is a deletion of residues 142-149 relative to JRFL and HXBc2. In an extended conformation the 10-residue stretch from 144 to 154 will span ϳ36 Å and fusion of hCMP to the residue 144, which is the new N terminus in V1cyc, should allow enough conformational freedom for the hCMP trimerization domains to align with the Env trimer axis. The 142-144 position of the V1 loop, where we inserted the hCMP trimerization motif, is a conformationally flexible region and tolerates insertions (supplemental Fig. S1 ). We therefore anticipated that the insertion of trimerization motifs at this region would not prevent binding of the trimer-specific V1V2 NAbs, consistent with our SPR data. In addition, the negative stain EM data clearly confirms the presence of PGDM1400 bound to the cyclically permuted gp120 trimer ( Fig. 2 and supplemental Fig. S4 ). It is worth noting that the glycosylation sites (Asn-156 and Asn-160) that constitute a major part of V1V2 trimer-specific epitopes are intact in these cyclically permuted gp120 trimers.
A recent study shows that native, pre-fusion Env on the HIV-1 virion surface is dynamic with significant motions occurring in variable loop (V1V2V3) regions (35) . Conformational fluctuations in such a dynamic structure likely result in transient exposure of immunodominant, non-neutralizing epitopes on the Env trimer. The cyclically permuted gp120 trimers designed in the present study have a trimerization domain in the V1V2 loop that should reduce the conformational fluctuations both in these loops and the spatially proximal V3 loop and reduce access to the CD4bs by non-neutralizing antibodies like F105 and b13 (Fig. 7B) , but not the neutralizing antibodies like VRC01 and PGV04 (Fig. 7C ). This effect would not occur in conventional gp140 derivatives where trimerization is largely mediated by interactions between gp41 subunits, distal from V1 and V3 loops.
V1 loop cyclically permuted gp120 trimers based on JRFL and JRCSF retain significant binding to native, quaternary epitopes in the V1V2 loop, and bind to bNAbs PGT145 and PGDM1400 (Table 1) as well as PG9 and PG16 (37) . They also showed high affinity to the CD4b-specific bNAbs, VRC01, VRC03, and VRC-PG04 (Table 1) and decreased binding to the non-neutralizing CD4bs antibody, F105 (Table 1 ). In addition, in contrast to the JRFLgp120-L6-hCMP construct, they also retained binding to PGT145 antibody after VRC01 interaction, implying that these soluble gp120 trimers appeared to attain a native-like conformation. The trimeric cyclic permutants bind PGT145 with poorer affinity than the BG505-SOSIP-664 trimers possibly due to the lack of the gp41 subunit, or due to the presence of the hCMP domain proximal to the V1V2 epitope regions. Moreover, we observed that PGT145 binding is enhanced in the presence of the CD4bs bNAb, VRC01.
The cyclically permuted gp120 trimers were thermostable and retained binding to bNAbs even after incubation at 60°C for 1 h. The designed gp120 trimers were used to immunize guinea pigs. Four different antigens were tested, namely monomeric gp120, JRFL-hCMP-V1cyc, JRCSF-hCMP-V1cyc, and JRFLgp120-L6-hCMP. Following two DNA primes and two protein boosts, high titers of antigen-specific antibodies were obtained in all four groups. Previous studies demonstrated high Only IgG from antisera of cyclically permuted gp120 trimers showed decreased neutralization against JRFL-N279A pseudovirus indicating the presence of CD4 binding site specific neutralizing antibodies. B, binding of pooled antisera to CD4 binding site focused outer domain fragments (b122a and ODEC) and JRFL gp120. Antigens were coated directly onto ELISA plate wells and probed with pooled antisera from week 20. The absorbance at 410 nm is proportional to the amount of bound antiserum. Antisera from cyclically permuted gp120 trimers show higher binding to the CD4 binding site focused outer domain immunogens than antisera from JRFL gp20 and JRFLgp120-L6-hCMP. gp120 binding titers (45, 56, 57 ) when a DNA prime-protein boost strategy was adopted.
Neutralization assays with an HIV-1 global panel, representing Tier 2 HIV-1 isolates from diverse geographic regions, demonstrated that antisera from cyclically permuted gp120 trimers neutralized several heterologous Tier 2 HIV-1 isolates, which are genetically diverse. The neutralization profiles of these antisera were superior to those elicited by the other two immunogens tested (JRFL gp120 and JRFLgp120-L6-hCMP). Immunization with clade C trimeric gp140 immunogens in guinea pigs was shown to elicit antisera with significant neutralizing activity to homologous clade C Tier 2 HIV-1 isolates in a highly sensitive A3R5 neutralization assay (31) . Immunization with a JRFL-Env DNA prime and JRFL gp140 trimeric protein boost in primates elicited antisera with robust neutralizing activity to Tier-1 isolates, and sporadic neutralizing titers to Tier-2 isolates in a TZM-bl assay. The sera showed higher neutralization of clade B and C Tier 2 isolates in more sensitive A3R5 assays with neutralizing specificities directed predominantly to the CD4bs (32). Very recently, it was shown that immunization of rabbits with structurally well characterized, native-like BG505 SOSIP gp140 trimers elicited robust, cross-clade Tier-1 and autologous Tier 2 neutralizing titers. Most of the neutralizing activity was specific to the CD4bs and trimer apex (V1V2 regions) of gp120 (33) . Consistent with these studies, our results demonstrate that it is possible to elicit CD4bs-specific bNAbs by using trimeric Env immunogens.
Mapping of serum neutralization specificities of antisera from cyclically permuted gp120 trimers indicate that these antisera harbor a moderate fraction of CD4bs-specific neutralizing responses, but not quaternary epitope and glycan-specific neutralizing titers. Consistent with the above mentioned studies, our results clearly suggest that the CD4bs are potentially immunogenic on native-like gp120 trimers. Although V1V2 glycan quaternary and V3 glycan-based epitopes are surface accessible on the gp120 trimer, we could not detect neutralizing antibody responses targeting known bNAb epitopes in these regions. The Tier 2 HIV-1 isolates, used for determining the breadth of neutralizing activity, contain conserved linear epitopes in the V2 and V3 regions of gp120 (supplemental Fig.  S13 ), which are surface accessible and immunodominant in nature. It is possible that antibodies against these epitopes might have contributed to the neutralization breadth of cyclically permuted gp120 antisera. The conserved V2 region in these Tier 2 HIV-1 isolates harbor a high number of positively charged residues, which were shown to be essential for binding to V2-specific antibodies in the RV144 clinical trial (58, 59 ).
In conclusion, this study describes the antigenicity and immunogenicity of native-like cyclically permuted gp120 trimers in small animals. Encouragingly, neutralizing responses could be elicited with a relatively short duration immunization schedule. A measurable fraction of the Tier 2 virus neutralizing activity appears to be directed to the CD4bs. Although these data are encouraging, there are several avenues to explore in future studies. The present trimers still bind the non-neutralizing CD4bs antibodies F105 and b6 albeit more weakly than more monomeric gp120 (37) and show conformational heterogeneity in EM. In addition, the immunogenicity studies employed a modest number of four animals per group, and with the guinea pig model, monoclonal antibody isolation is not possible.
Although encouraging heterologous Tier 2 neutralization is observed, the breadth needs to be improved. In natural infection broad neutralization is observed after years of infection (2) and ongoing replication and viral evolution drive this process. It is possible that sequential immunizations with cyclic permutant constructs designed to engage appropriate B-cell precursors (60) and with diverse sequences from multiple clades might improve the neutralization breadth.
Future directions will include antigen optimization, employing alternative sites for cyclic permutation, using sequences from other subtypes, varying the nature and locations of trimerization domains used, and incorporation of other stabilizing mutations to elicit a more potent and broad NAb response to circulating HIV-1 isolates. Future immunization studies will also involve non-human primates to better validate the utility of Hence residue 141 is shown as the N terminus. B, superimposition of core gp120 bound to CD4bs non-neutralizing F105 Fab (PDB code 3HI1) onto gp140 from the BG505 Env trimer (PDB code 4TVP). The color scheme of the structure is as follows: F105 bound gp120 (green), V1V2 region (dark red), and the remaining gp120 subunit from BG505 Env trimer (orange), gp41 from BG505 Env trimer (cyan), F105 Fab light chain (gray), and heavy chain (black) of F105 antigen binding fragment Fab. Inability of F105 to bind gp120 in the presence of the V1V2 region is indicated with a dotted circle demonstrating steric overlap between the F105 light chain and V1V2 in the superimposed structure. C, superimposition of core gp120 bound to CD4bs neutralizing VRC01 Fab (PDB code 3NGB), onto gp140 from the BG505 Env trimer (PDB code 4TVP) shows the absence of any steric clash between the Fab and native trimer. The color scheme of the structure is as follows: VRC01 bound gp120 (green), V1V2 region (dark red), and the gp120 subunit (orange) from BG505 Env trimer, gp41 from BG505 Env trimer (cyan), VRC01 Fab light chain (gray), and heavy chain (black).
the cyclic permutant approach for HIV-1 Env immunogen design.
Experimental Procedures
Construct Descriptions-All constructs were codon optimized for expression in mammalian cell lines and were cloned into the V1Jns vector between BglII and KpnI sites (45) . In the V1Jns vector, the protein coding genes were cloned under control of the CMV promoter with a tpa leader sequence. The gp120 sequences used to design constructs are derived from JRFL or JRCSF gp120 sequences. The E168K mutation was introduced in the sequence to facilitate recognition of PG9/ PG16 and PGT145 NAbs (51) . The hCMP trimerization domain used in this study is a 43-residue coiled-coil domain derived from human cartilage matrix protein (61) that contains two cysteine residues N-terminal to the coiled-coil, which form inter-chain disulfide bonds. We designed four different immunogens (i) JRFL gp120, (ii) JRFL-hCMP-V1cyc, (iii) JRCSF-hCMP-V1cyc, and (iv) JRFLgp120-L6-hCMP. All of these constructs lack the C1 region of gp120 (amino acids 31-82). JRFL-hCMP-V1cyc and JRCSF-hCMP-V1cyc were made by connecting the native N and C termini of gp120 with a 20-residue flexible linker and by creating new N and C termini in the V1 loop region at residues 144 and 142, respectively, followed by fusion of the hCMP domain to the N terminus. In the JRFLgp120-L6-hCMP construct, a 6-residue linker and the hCMP domain were fused to the C terminus of JRFL gp120.
To map neutralizing specificities of antisera from immunized animals, we introduced N279A, N156K, N160K, and N332T mutations individually by site-directed mutagenesis into the pSVIII-JRFL gp160dCT plasmid, which encodes for envelope glycoprotein (62) . The mutant plasmids were used for making pseudoviruses as described in a later section.
Purification of Proteins and Analysis by BN-PAGE and Western Blot-All constructs were transiently transfected into HEK 293T cells using polyethyleneimine transfection reagent. After 6 -8 h of transfection, media was replaced with serum-free medium. At 72 h post-transfection, supernatants were collected and protein was purified by affinity chromatography using lentil lectin-Sepharose 4B (GE Healthcare). Bound protein was eluted with 600 mM ␣-D-methylmannopyranoside in phosphate-buffered saline (PBS) (pH 7.4). The eluted fractions were pooled and dialyzed against PBS (pH 7.4). The purified protein concentrations were estimated by using a BCA assay (Sigma). Concentrations were confirmed using both quantitative Western blotting with gp120 of known concentration as a standard and by far-UV CD spectroscopy as described (45) . The proteins were stored at Ϫ80°C until further use.
BN-PAGE was performed to determine the oligomeric state of proteins. In BN-PAGE, protein samples were mixed with sample buffer (250 mM MOPS, 250 mM Tris-HCl, 0.1% Coomassie Brilliant Blue G-250, and 40% glycerol). Samples were loaded onto a 4 -12% gradient BisTris NuPAGE gel (Invitrogen). Electrophoresis was done at 4 ºC for 4 h at 100 V. The cathode buffer was comprised of 50 mM MOPS, 50 mM Tris (pH 7.7), and 0.002% Coomassie Brilliant Blue G-250. The anode buffer contained 50 mM MOPS and 50 mM Tris (pH 7.7). The BN-PAGE gels were stained with Coomassie-colloidal blue staining reagent (Invitrogen). For Western blot analysis, following BN-PAGE, proteins were electrophoretically transferred onto a PVDF (polyvinylidene difluoride) membrane. After transfer, the PVDF membrane was blocked with 5% nonfat milk. The membrane was washed with PBST (PBS with 0.05% Tween 20) and incubated with anti-JRCSF gp120 polyclonal sera generated in rabbits, at 1:1000 dilution. The membranes were washed again with PBST and then incubated with antirabbit IgG conjugated to HRP (horseradish peroxidase) (Sigma). After washing with PBST, the membrane was incubated the Clarity TM Western ECL substrate (Bio-Rad) at room temperature for ϳ2 min.
Gel Filtration Analysis-The oligomeric states of purified proteins were analyzed using analytical gel filtration chromatography. 60 g of native protein in PBS (pH 7.4) at room temperature was subjected to analytical gel filtration chromatography on a Superdex-200 column. Standard calibration markers, namely conalbumin (75 kDa), aldolase (158 kDa), ␤-amylase (200 kDa), ferritin (440 kDa), and thyroglobulin (669 kDa) were used to determine the expected position of the trimeric, dimeric, and monomeric peaks. JRFL gp120 (obtained from the Neutralizing Antibody Consortium) having a mass of 120 kDa was also used as a marker.
SEC-MALS-All the proteins were subjected to HPLC (Shimadzu liquid chromatography) using a Superdex-200 analytical gel filtration column (GE Healthcare) equilibrated in PBS (pH 7.4) buffer coupled to UV (Shimadzu), MALS (miniDAWN TREOS, Wyatt Technology), and refractive index detectors (Waters) for molecular mass determination. For each run, 100 g of each protein was injected. UV, MALS, and RI data were collected and analyzed using ASTRA TM software (Wyatt Technology).
SPR Using Biacore-2000 -SPR experiments were performed with a Biacore-2000 optical biosensor (Biacore, Uppsala, Sweden) at 25 ºC. Binding kinetics of designed proteins were assessed with VRC01, VRC03 (63), VRC-PG04 (64), PGT128, PGT145, PGDM1400 (38), CAP256-VRC26.25 (42) , F105, b6, and 17b antibodies. Antibodies were immobilized on a CM5 sensor chip at a surface density of ϳ1000 RUs. Various concentrations of gp120 constructs were passed at a flow rate of 30 l/min over the sensor chip. The sensor chip was regenerated after each binding reaction with 4 M MgCl 2 . The kinetic parameters for interactions with different antibodies were obtained by fitting the data to a 1:1 Langmuir interaction model using Bia Evaluation software. Because the binding of some of the proteins to PGT128 and PGT145 are biphasic, the dissociation rates were obtained by fitting the data to a double exponential decay equation in SigmaPlot 10.0.
For monitoring stability, the purified proteins were heated to 60 and 100°C for 1 h in a PCR cycler (Bio-Rad) with a heated lid to prevent evaporation. The protein samples were cooled to room temperature and binding affinity to VRC01 and PGT128 bNAbs was determined by SPR experiments. In addition, the thermal stability was characterized using CD spectroscopy by monitoring the ellipticity at 230 nm as a function of temperature essentially as described previously (65, 66) .
For sequential injection experiments, VRC01 antibody was immobilized on a CM5 sensor chip. The individual proteins were sequentially injected along with PGT145 antibody over the VRC01 surface to monitor the sequential interaction of protein immunogens and PGT145 antibody with the VRC01 antibody.
Immunization Studies-Four groups, each having 4 guinea pigs were used for immunization studies. Immunogens for groups 1-4 were JRFL gp120, JRFL-hCMP-V1cyc, JRCSFhCMP-V1cyc, and JRFLgp120-L6-hCMP, respectively. Immunogens were given as a DNA prime and protein boost. For priming, all guinea pigs were injected intramuscularly at weeks 0 and 4 with 2 mg of DNA in Adju-Phos adjuvant by using a Biojector-2000 (Bioject). For boosting, all guinea pigs were intramuscularly injected with 45 g of protein adjuvanted with MAA (Merck amorphous aluminum hydroxylphosphate sulfate adjuvant) and IMX (ISCOMATRIX, CSL) at weeks 10.5 and 18. At 34.5 weeks after the first prime, the guinea pigs were terminated. Serum samples were collected at weeks 0, 8, 12.5, 20, and 34.5, heat-inactivated, and stored in aliquots for further analysis.
Sample Preparation and Negative-stained EM Imaging of Samples-The JRFL-hCMP-V1cyc and JRFL-hCMP-V1cyc with PGDM1400 samples were prepared for EM using the conventional negative staining protocol. Briefly, carbon-coated copper grids were glow-discharged for 1 min and negative staining was carried out using 2% uranyl acetate. All samples were visualized and imaged at room temperature with a Tecnai T12 electron microscope operated at 120 kV. Images were collected at a magnification of ϫ87,000 and a defocus value of ϳ1.3 m on a side-mounted Olympus VELITA (2Kx2K) CCD camera. All images were collected at a pixel size of 2.97 Å on the specimen level.
Two-dimensional Classifications of JRFL-hCMP-V1cyc gp120 and JRFL-hCMP-V1cyc gp120 with PGDM1400 -Raw particle projections were interactively selected and excised using e2boxer.py and e2projectmanager.py (EMAN2.1 software (67)). The two-dimensional reference-free alignment and classification of particle projections were performed using e2refine2d.py.
ELISA (Enzyme-linked Immunosorbent Assay) to Determine Antisera Titers Against JRFL gp120 and CD4 Binding Site, Stabilized Outer Domain Immunogens-To determine serum IgG titers elicited by different gp120 constructs, 2 g/ml of HIV-1 gp120 (JRFL) in PBS (pH 7.4) was coated at 4°C overnight onto Immulon 4HBX plates (50 l/well). gp120-coated wells were washed 6 times with PBS containing 0.05% Tween 20 (0.05% PBST) and blocked with a solution of PBS containing 0.05% Tween 20 and 3% nonfat dried milk (blocking buffer). Guinea pig serum samples collected at weeks 8, 12.5, 20, or 34.5 were 4-fold serially diluted from 1:100 to 1:1.05 ϫ 10 8 , and diluted sera was added to antigen-coated wells. Following a 2-4-h incubation at room temperature, plates were washed 6 times with 0.05% PBST, and HRP goat anti-guinea pig IgG Fc secondary antibody (Jackson ImmunoResearch) was added at 1:5000 dilution in blocking buffer. Following a 1-h room temperature incubation, plates were washed 6 times with 0.05% PBST and developed with TMB substrate solution (Thermo Scientific). The reaction was stopped by addition of 2 N sulfuric acid, and absorbance of each well was measured at 450 nm.
To screen binding of the CD4 binding site-stabilized outer domain immunogens (b122a, ODEC) (34, 49) , 96-well plates were coated overnight at 4°C with 25 l of PBS containing 300 ng of protein per well. The wells were washed four times with PBS containing 0.025% Tween 20 (PBST) and blocked with 3% BSA at room temperature for 1 h. Serial dilutions of pooled antisera of each group of animals from week 20 were added to antigen-coated wells, incubated for 2 h at room temperature, and washed 4 times with PBST. Binding was probed with alkaline phosphatase-conjugated goat anti-guinea pig IgG (Sigma) at 1:10,000 dilution. The plate was incubated at room temperature for 2 h, washed four times with PBST, and developed by adding 40 l of alkaline phosphatase substrate. The absorbance (OD) was measured at 410 nm.
Serum Depletion Studies-12.5 mg of Dynabeads (Invitrogen) were coupled to 0.5 mg of JRFL gp120 or JRFL-hCMPV1cyc protein. FACS was used to check the antigenic integrity of the bound protein as reported (34, 47) . 500 l of pooled terminal bleed sera (diluted 1:5 in DMEM) were incubated with 12.5 mg of JRFL gp120-coupled magnetic beads for 2 h at room temperature with gentle rocking. The flow-through was incubated with another 12.5 mg of gp120-coupled magnetic beads. The flow-through collected after the second round of binding is the depleted serum. The same protocol was used for depletion on JRFL-hCMP-V1cyc protein. Sera before and after depletions were used for neutralization assays using Group 1 (monomeric) and Group 2 (trimeric) terminal bleed sera.
Neutralization Assays-Neutralization assays of antisera from guinea pigs were performed in TZM-bl cells as described (68) . Pseudoviruses capable of a single round of infection were produced by co-transfection of HEK 293T cells with a genomic plasmid, pSG3⌬env, and an Env expression plasmid. Following transfection, supernatant containing pseudovirus was harvested and used to infect TZM-bl cells in a neutralization assay. TZM-bl cells are genetically engineered HeLa cell lines that constitutively express the CD4 receptor and the CCR5 and CXCR4 co-receptors. TZM-bl cells also contain a Tat-regulated reporter gene for firefly luciferase under the regulatory control of an HIV-1 long terminal repeat sequence. 100,000 to 150,000 RLU equivalents of virus were incubated with serial dilutions of serum for 1 h at 37°C in a total volume of 150 l of DMEM growth medium. TZM-bl cells were harvested by trypsinization and 10,000 cells in 100 l of growth medium containing 30 g/ml of DEAE-dextran were added to each well containing a pseudovirus pre-mixed with serum. After 48 h of incubation at 37 ºC, 150 l of culture volume from each well was removed and 100 l of Bright Glo reagent (Promega or PerkinElmer Life Sciences) was added. After a 2-min incubation at room temperature for cell lysis, 150 l of the cell lysate was transferred to a 96-well black plate for luminescence measurements. Neutralization titers (ID 50 ) represent the sample dilution at which the relative luminescence units (RLUs) are reduced by 50% compared with RLU in virus control wells after subtraction of background RLU in cell control wells.
Statistical Analysis-The p values for differences in antibody binding and neutralization titers were generated by analyzing the data with a two-tailed Mann-Whitney test using the GraphPad Prism software.
